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Abstract 
The gas-solid interactions in a periodically excited plane mixing layer were investigated by vortex-in-cell technique. Transverse 
periodic forcing was posed on the initial location of plane mixing layer. Under the transverse periodic forcing, well organized 
spanwise Kelvin-Helmholtz rolls were formed. Not only the flow properties but the characteristics of particle dispersion and 
statistical properties of flow are detailed studied. In this study, Stoke number which bases on forcing frequency is chosen to be 
order one. Present results show that: solid particles always are impelled to the boundaries of vortex structures by centrifugal force, 
even though they ever temporally exist in the interior of vortex structures during pairing process; furthermore, the existence of 
solid particles in flow could enhance the forcing effects that make vortices evolve in flow field with more coherence in space and 
time; thus, negative turbulent production, which often appears in the highly excited plane mixing layer, could be observed in the 
present simulation at low forcing level and with solid particles. 
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Nomenclature 
D            Drag  
d             Diameter     
f             Frequency 
F             Force  
Re          Reynolds number  
St   Stoke number     
U  Streamwise velocity     
V              Transverse velocity  
W             Interpolation kernel    
X   Streamwise direction 
Y   Transverse direction 
Greek symbols 
*            Circulation  
M            Stream function 
U            Density 
Q            Kinematic viscosity 
Z           Vorticity 
Subscripts  
g            for gas  
p            for particle 
m           mass  quantity 
 
1. Introduction 
The dynamics of coherent structures plays a dominate role in the developing free and wall turbulent flows. The 
developments of coherent structures are very sensitive to the external perturbations at their emerging locations[1-4]. 
In fuel-air mixing in combustion chamber, coal combustion, air-pollution and so forth, the interactions between 
particles and flow plays a major role. Thus, the studies on the interactions of particles and turbulent flows are 
necessary and beneficial for environmental and energy industries. The complexities of two phase flows between 
particles and fluid hesitate the advancements in engineering applications. Till now, many definitive conclusions 
about dispersive properties of particles in two phase flow results from visualizations [5, 6]. 
Crowe et al [7, 8] found that motions of particles during the rolling-up and pairing processes could be classified 
into two styles: stretching and fording. Stoke number presents the ratio of the relaxation time of particle and the 
characteristic time of flow. Many existed investigations showed that higher particle dispersion could be achieved at 
St~O(1) [7-10]. Due to the advancement of human computational capability, numerical approaches become more 
and more active on two phase flow studies. Complex phenomena on two phase flows could be simulated by Direct 
numerical simulation [11], large eddy simulation [12] and vortex simulation techniques [13-17]. Basing on its 
essential numerical properties, vortex techniques are suitable to simulate the turbulent flow dominated by vortex 
structures. In vortex simulation techniques, Vortex-in-Cell is not only with high resolutions in vortex interactions 
but also with high computation efficiency. Uchiyama and Naruse [18] used the two-way vortex-in-cell technique to 
study the solid-gas interactions. They obtained the statistic properties of particles and flow at various mass loading 
ratios. They also found mass loading ratio highly influenced the developing of flow field. Uchiyama had also 
applied VIC method to simulate three-dimensional particle-laden flow [19]. Hsu [20] adopted vortex-in-cell 
technique to simulate gas-sold interactions of developing mixing layer; a good consistence was found between his 
numerical results and experimental ones by Hishida and his colleagues [5]. 
In the present study, the spatial evolutions of forced mixing layer with solid particles and without solid particles 
were simulated by vortex-in-cell technique.  For studying the interaction of fluid and particles at St~O(1), the initial 
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Stoke number based on forcing frequency is made to be 2.5 and after vortex pairing Stoke number becomes 1.25. 
Vortex velocity vectors, spatial distribution of solid particles and energy spectrums at various locations with and 
without particles were carefully compared to identify the effects of gas-solid interaction.  
2. Vortex Model  
2.1. Governing Equations 
For reducing the physical complexities, following assumptions will be applied in the present study: flow is 
incompressible; density of solid particle is much larger than that carrier flow, thus buoyant effect could be negligible; 
solid particles in the flow are all spherical and with the same diameter; owing to small mass loading ratio, the 
collisions between particles are few. Thus, assuming the present simulated two phase flow to be dilute is reasonable. 
For incompressible carrier gas, the vorticity equation for gas phase is: 
     D
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Where external forced DF
G
 which is introduced by the neighboring solid particle applies on per unit volume gas. 
Subscript, g, will be used to denote the gas flow properties, and properties of solid particles are denoted by subscript, 
p. The equation for the motion for solid particles is: 
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Where Df  is the drag force for solid particle 
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The drag coefficient in equation (4) could be obtained from the following relations [21]: 
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The effects from the convection, diffusivity and the existence of solid particles in the momentum equations are 
taken into account by a time-stepping scheme. The time-stepping scheme consists in advancing the vortices with 
convective velocity in the first sub-step; doing with diffusion in the second sub-step; and vorticity generating by the 
neighboring solid particles in the third sub-step.  
 Sub-step for convection: 
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Sub-step for diffusion: 
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Sub-step for vorticity generating by solid particles: 
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In this simulation, Lagrangian points including vortex blobs and solid particles are flowing according to: 
 
p
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dt
Xd G
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   Modified Euler scheme are used to integrate equation (9) and obtain the new positions of Lagrangian points at the 
next time step. Viscous effect is simulated by Random walk scheme. At each time step, particle locations are 
transformed using: jiX yx
GGG
KKQ  '  where yx KK ,  are Gaussian independent random variables of zero mean and 
root mean square equal to t'Q4 . Readers could refer to Hsu's paper [20] for more detailed numerical processes.  
2.2. Model and Boundary Conditions 
In experiments, mixing layer is generated from the merging of two streams which are separated by a thin plate 
upstream and with different velocities in a wind tunnel. In this simulation, the velocities of streams below and above 
upstream splitting flat plate are 1U  and 2U , respectively. The thickness of the upstream splitting flat plate is assumed 
very small, as compared to the characteristic length of wind tunnel. Therefore, we can use vortex sheet with 
circulation )( 21 UU   per unit length to simulate the influence of flat plate on flow field. For computational 
convenience, fixed point vortices replace vortex sheet in this work. If xh  is the distance between two adjacent 
vortices, each vortex is with circulation xp hUU )( 21  * .Because of boundary layer separations of both sides of the 
thin plate at the trailing edge, free vortices must be released from the flat plate end; and their convective speeds are 
equal to 2/)( 21 UUU c  . As time interval, t'  passes, vortices with total circulation equaling to tUUU cF ' * )( 21  are 
released from the edge of flat plate. 
!The boundary conditions for solving stream functions are listed in the following:  
1. No penetration boundary conditions are applied on both upper and lower sides of computational domain. 
Therefore, the numerical upper and lower boundaries are assumed to be streamlines. We let the stream functions in 
the lower boundary to be 0 LM , and that in the up boundary is )(2 minmax
21 yy
UU
U 

 M .  
2. The boundary conditions at the inlet of computational domain are specified as: 0,1   vUu , y<0 ; 
0,2   vUu  ,y>0   .     
3ǵNon refection boundary condition is posed on the exit of computational domain. 0 
w
w
w
w
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u
c    .                
2.3. Numerical and Physical parameters 
      Fluid and flow parameters are listed in table 1; geometry parameters are shown in table2; and numerical 
parameters are presented in table 3. In these tables, length, mass and time units are mm, gram and sec, respectively. 
Where 1U  and 2U  represent the flow streamwise speeds below and above separating plate; gU  and pU  are 
densities for gas and solid particle,  gQ is the kinematic viscosity of gas; pd is the diameter of solid particle; maxx  
and minx  represent the x wise coordinates for downstream and upstream boundaries; maxy  and miny represent the y 
wise coordinates for upper and lower boundaries. 
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Table 1: fluid and flow parameters 
1U  2U  gU  pU  gQ pd
13000 4000 6102.1 u 31059.2 u 15 0.042
mass loading ratio  mr=0.048 
 
Table 2: Geometry parameters 
maxx  minx  maxy  miny  
450 -50 75.5 -75.5 
 
Table 3: Numerical parameters 
t'  xh  yh  yx nn u  
51025.1 u  1 1 152501u  
 
     In the forcing case, the released free vortices from the edge of separating flat plate (x=0, y=0) at each time step, 
are imposed the flowing displacement disturbance: 
0)(  txv                                      (10) 
)2sin()( tfAty pv Su             (11)!!
Where A=2mm presents forcing amplitude.  
3. Discussion 
For forced plane mixing layer, the spatial development of mixing layer is dominated by the Kelvin-Helohtzm 
instability mechanism, transverse sinusoidal displacement firstly grows exponentially downstream, secondly rolls-up 
into a distinct vortex structures and lastly vortex structures interactions, including pairing, merging, tearing…. There 
is a great progress on flow control in the past decades. Artificial mechanisms were proposed on the flow field to 
manipulate the flow characteristics for the desiring working condition. Wygnanski and his colleagues [23] had 
obtained fascinating advancements on free shear layer controls by imposing flapping plate in the initial developing 
region of flow field. Highly enhanced spreading of mixing layer and dynamic stall control had been successfully 
achieved by Wygnanski and his colleagues [23]. Their results presented that the imposed transverse sinusoidal 
disturbance on initial region of mixing could generate vortex structures whose size is inversely proportional to 
external forcing frequency. 
 
In gas-solid two phase flow, the dispersive properties of flow and solid particles are mainly controlled by the 
ratio of relaxation time of particles and characteristic time of flow structures, which is called Stoke number and 
defined as equation (12). In the present study, we chose the inverse of mixing layer responsive frequency as the 
characteristic time of flow field. For reducing the randomness of responsive frequencies of mixing layer, external 
sinusoidal external displacement is imposed in the initial region of mixing layer. According to Wyganski’s previous 
results, organized vortex structures with desired size and characteristic time could be obtained. The forcing 
frequency selected in the present simulation is 180Hz and the related Stoke number is 2.5 in the initial region of 
developing mixing layer. As mixing layer develops downstream, the size of vortex structure will gradually increase, 
but accompanying the reducing of characteristic frequency. Therefore, Stoke number of the flow field in the further 
downstream is smaller than in the upstream.  
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Fig. 1. Instantaneous vortex velocity vectors for forced mixing layer without solid particles. 
 
Figure 1 depicts the instantaneous vortex velocity vectors for forced mixing layer without solid particles. Clear 
spatial evolving picture is presented in this figure. Sinusoidal disturbances appear in the initial by external forcing 
and roll up into distinct vortices, then paring interactions are observed and finally become a complete vortex 
structures. Figure 2 indicates the instantaneous vortex velocity vectors, flow velocity vectors and distribution of 
solid particles of forced mixing layer with solid particles. In the initial region(x<50), the motions of solid particles 
are almost uncoupling with the motion of vortex structures. In the neighboring of vortices merging region, solid 
particles are entrained into the vortex structures (see region 180<x<250). Under the actions of the centrifugal forces 
introduced by vortex structure, solid particles will gradually move to the surrounding of vortices. As moving more 
downstream, solid particles finally form a closed loop around vortex structures. 
        In the following paragraph, detailed vortex velocity vectors at various streamwise locations will be carefully 
discussed. The instantaneous flow and vortex velocity vectors and distribution of particle in the initial region are 
depicted in figure 3. Sinusoidal vortex sheet are entrained through by solid particles. No apparent correlation 
between vortex sheet and solid particles are observed. As solid particles advance more downstream, distinct vortex 
structures have form, but their strengths of vortex circulation are too small to influence the motions of solid particles. 
In figure 4, we also observe that new vortices introduced by solid particles at each computational step are entrained 
into these distinct vortex structures. Interestingly, vortex structures are formed in low speed side of mixing layer, 
and solid particles are accumulated in the high speed side.  In figure 5, vortex structures at more downstream 
location are presented. Due to the successive merging processes, vortex structures in this region (125<x<190) are 
large enough and with sufficient circulation to drive solid particles to surround the circumference. The motion 
modes of solid particles interacting with vortex structures are with two types: one is stretching and the other is 
folding. The dispersion shown in figure 5 is the classical particle motion introduced by stretching mechanism. As 
well known, the folding processes occur during vortex merging or pairing. There are two adjacent vortices, which 
are pairing together, in figure 6.  Solid particles appear in the interface of the pairing vortices. But, the intensity of 
particles between two vortices is seemingly lower than that at the vortex outer boundaries. It means that centrifugal 
forces will make the particles move towards the outer boundaries of vortices. Thus, when pairing process complete, 
few particles exist in the inside of vortices and a great amount of particles accumulate in the outer region of vortices. 
This phenomenon is clearly indicated in figure 7. In this region (125<x<190), the dominate frequency is 90 Hz and 
the related Stoke number is about 1.25. 
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Fig. 2. Instantaneous vortex velocity vectors, flow velocity vectors and distribution of solid particles of forced mixing layer at t=3.625. 
 
        Momentum thickness is always adopted to present the characteristics of spatial spreading in the development 
mixing layer. The definition of momentum thickness is shown in equation (13). The comparison of spatial evolution 
of forced mixing layer with and without solid particles is depicted in figure 8. For convenience, the momentum 
thickness is normalized by forcing wave length (O  ) and parameter R. 
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T                   (13) 
Where fU c / O and )/()( 2121 UUUUR  .We see that in the region, 1< O/xR <2.5, the spatial grow rate of 
momentum thickness of forced mixing layer with particles is much larger than that without particles. Furthermore, 
negative grow rate of momentum thickness of forced mixing layer with particles is observed in the region, 2.5<
O/xR <3.5. In this region, the related Stoke number is also 1.25. The negative grow rate of momentum thickness 
had been observed experimentally in highly excited mixing layer [23]. It indicates that randomness of flow field is 
highly suppressed and flow developing is almost only dominated by single instability mode. 
 
  
                            Fig. 3. Instantaneous flow and vortex velocity vectors and distribution of particle at 1<x<18 at t=3.625. (left) 
                            Fig. 4. Instantaneous flow and vortex velocity vectors and distribution of particle at 15<x<55 at t=3.625. (right) 
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                                 Fig. 5. Instantaneous flow and vortex velocity vectors and distribution of particle at 125<x<195 at t=3.625. (left) 
                                 Fig. 6. Instantaneous flow and vortex velocity vectors and distribution of particle at 170<x<255 at t=3.625. (right) 
 
In experiments, as this phenomenon occurs, negative turbulent production also appears in the same region. The 
turbulent production at various stream-wise locations is  
dy
dy
udvuET ³  
f
f
''..                                             (14) 
The spatial evolutions of turbulent production of forced mixing layer with and without solid particles are presented 
in figure 9. In this figure, we find turbulent production for flow with solid particles is larger than that without solid 
particles in the region, O/xR <2. Therefore, the spatial grow rate of momentum thickness of forced mixing layer 
with particles is much larger than that without particles. Interestingly, negative turbulent production appears in the 
2.5< O/xR <3.5, and accompanying negative growth rate of momentum thickness. Apparently, the existence of 
solid particles in forced mixing layer could not only reduce the flow randomness, but also enhance the forcing 
effects. The energy spectrums of flow velocity at various locations of forced mixing layers with and without solid 
particles are indicated in figure 10. The sub-harmonic evolution model proposed by Ho [2] is satisfied in the present 
results with and without particle. Energy of forcing frequency transfers to its sub-harmonic, and then energy of its 
sub-harmonic transfers to its second sub-harmonic. Moreover, more clearly sub-harmonic evolution appears in flow 
with solid particles, and side-band occurs in flow without solid particles. Therefore, we could conclude that the 
existence of solid particles really enhance forcing effect on the flow field. 
 
Fig. 7. Instantaneous flow and vortex velocity vectors and distribution of  particle at at 260<x<325 at t=3.625.
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                                     Fig. 8. Comparison of spatial evolution of forced mixing layer with and without solid particles. (left) 
                                     Fig. 9. Spatial evolutions of turbulent production of forced mixing layer with and without solid particles. (right) 
 
Fig.10. Energy spectrums of flow velocity at various locations of forced mixing layers with and without solid particle. 
4.    Concluding Remarks 
The spatial evolutions of forced mixing layer with solid particles and without solid particles were simulated by 
vortex-in-cell technique. Clear vortex velocity vectors, spatial distribution of solid particles and energy spectrums at 
various locations are all presented in the present simulations. By analyzing energy spectrum and spatial distributions 
of vortex structures, present results satisfy sub-harmonic evolution model very well. Moreover, two interesting 
physical conclusions are obtained:   
1. In the present study, Stoke number based on forcing frequency is taken to be o(1). Solid particles are 
eventually impelled to the surroundings of vortex structures by centrifugal force, even though they 
temporally exist in the inside of vortex structures during pairing process. 
2. The existence of solid particles in forced mixing layer could not only reduce the flow randomness but also 
enhance the forcing effects. In the present forced mixing layer at lower forcing level with sold particles, 
negative growth rate of momentum thickness and negative turbulent production, which presented in highly 
excited mixing layer, could be observed. Clear spatial spectrum evolution which satisfied the subharmonic 
evolution model is obtained in the present study.  
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